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Abstract

To lower blood glucose concentration, insulin binds to insulin receptor
(IR) that possesses two distinct insulin binding sites to trigger down-
stream signaling events leading to an increased uptake of glucose into
muscle and fat cells. Comprehensive understandings of structural and
dynamic mechanisms of insulin and its receptor are essential to design
therapeutic agents for treating and delaying the onset of diabetes that af-
fects over 347 million people worldwide. No full-length IR structure is
available hitherto. Harnessing the currently available and state-of-the-art
sequence and structural data, we have reviewed the insulin, IR, its extra-
cellular domains and transmembrane domain, to derive structure-based
clues to regulate aberrant insulin and its receptor. To propose testable hy-
potheses and future experiments, we have performed literature review,
text mining, multiple structural clustering and normal mode analysis on
insulin and its receptor. It appears that insulin-receptor interaction in-
volves allostery and conformational changes (including rotation and tilt-
ing) to overcome steric clashes. To target a particular aberrant isoform
of IRs, we need to identify the subtle yet distinct differences between IR
isoforms. To improve the life quality of diabetics, better structure-based
designs of insulin mimetics, formulation and nanotechnology-based de-
livery are required; efforts to bring them to patients necessitate thorough
structural understandings of insulin and its receptor.

Keywords: Insulin; Insulin receptor; Structural analysis; Allostery;
Structure-based drug design

Introduction

Insulin, first isolated in 1921, was soon deployed as a trial
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therapeutic to save the lives of diabetic patients in 1922. Since
then, the lives of millions of diabetes patients have been saved
and prolonged. The sequence of insulin was first determined
by Fred Sanger in 1955 and its structure was first resolved by
Dorothy Hodgkin in 1969.

The overall action of insulin is energy storage by the body,
as opposed to energy consumption, which is the overall action
of glucagon. The synthesis and secretion of insulin are regulat-
ed by the blood glucose concentration. To store energy, insulin
lowers blood glucose by promoting 1) the uptake of glucose into
cells, particularly muscle and fat cells that express GLUT4 glu-
cose transporter and 2) the storage of glucose as glycogen or fat.

In this review, we discuss how structural features of insulin
highlight the importance of conserved residues, the structural
domains of insulin receptor (IR), how IR relays insulin signals,
the conformational dynamics and allostery that facilitate the
insulin-IR interaction, the differences between IR isoforms,
the molecular functions of insulin and related hormones, and
testable hypotheses useful for therapeutic designs targeting in-
sulin and IR.

Structural Features of Insulin

Pancreatic cells synthesize insulin in the form of preproinsulin.
The removal of an N-terminal signaling peptide of preproin-
sulin (110 residues), on translocation into endoplasmic reticu-
lum, results in proinsulin (86 residues). Proinsulin is cleaved
into chain B (30 residues of FVNQHLCGSHLVEALYL-
VCGERGFFYTPKT) and chain A (21 residues of GIVEQC-
CTSICSLYQLENYCN) by B-cells peptidases (Fig. 1), during
the trafficking through the trans-Golgi network. Before the
cleavage, the conserved chains B and A are linked by a non-
conserved connecting domain, also known as the C-peptide.
After cleavage, the resulting heterodimer of chains A and B
consists of 51 amino acids (molecular weight is 5,808 Da) and
is still linked by two disulfide bonds: Cys7 of chain A and Cys7
of chain B, Cys20 of chain A and Cys19 of chain B. Within
chain A, a disulfide bridge links the Cys6 and Cysl11 (Fig. 1).
These Cys residues that form the three disulfide bonds are
conserved across species and members of insulin superfamily;
these Cys residues play critical roles in conferring a similar
overall tertiary structure. Insulin mutations that introduce or
remove a Cys, perturb the native disulfide bonds. These native
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Figure 1. The structure of human insulin. (A) The sequence of human insulin in the form of preproinsulin (UniProt ID P01308
numbering in black) is highlighted according to the respective chains of insulin: chain B (cyan) and chain A (green). C-peptide is
highlighted in light gray. Cysteine residues involved in inter-chain disulfide bridges (Cys7 of chain A and Cys7 of chain B, Cys20
of chain A and Cys19 of chain B) and those that contribute to intra-chain A disulfide bridge, Cys6 and Cys 11, are shown in
yellow-orange. The secondary structure of human insulin consists of three alpha-helices formed by chain A residues Gly1-Thr8,
Ser12-Asn18 and chain B residues Ser9-Cys19. The residue numbers of insulin chains B and A are shown in cyan and green,
respectively. The symbols ~ and = indicate a-helices and B-strands, respectively. Insulin residues that bind to IR sites 1 and 2 are
shown in red and magenta, respectively. (B) The structure of human insulin with the same coloring scheme as (A) and the insulin
residues that bind to IR sites 1 and 2 are shown in spheres (C).

bonds are ensured through the proper folding of proinsulin,
and its misfolding has been linked to neonatal diabetes melli-
tus-associated mutations [1]. The processing of proinsulin, in
terms of cleavage site selection (at Arg55-Arg56 and Lys88-
Arg9), relies on the flexibility of both ends of the C-peptide.
The presence of the C-peptide in proinsulin renders it to be
more resistant to misfolding, aggregation and fibril formation
than insulin [2]. The pathogenic fibril formation is cytotoxic,
present in over 90% of type 2 diabetes, and causing death of
insulin-secreting pancreatic 3 cells [3].

In terms of secondary structure, insulin consists of three
alpha-helices formed by chain A residues Glyl-Thr8, Serl2-
Asnl8 and chain B residues Ser9-Cys19 [4]. Inactive insulin is
zinc-ion-bound hexameric [5] - the form insulin is produced and
stored. Depending on the zinc-mediated stabilization, insulin
hexamer can adopt T6, T3R3 or R6 structure; their T-R transi-
tion is regulated through allostery, an essential consideration for
the design of therapeutic insulin. Active and circulated insulin is
monomeric. Dimeric insulin [6] is also present when its concen-
tration reaches micromolar level; insulin dimerization requires
about -7.2 kcal/mol and is driven by vibrational entropy [7].

IR: A Membrane Glycoprotein

Encoded by 22 exons [8], IR is a disulfide-linked membrane
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glycoprotein comprising two alpha-subunits and two beta-sub-
units, all together forming two half-receptors. The alpha-sub-
units form the hormone binding domains, also known as ecto-
domains. In this work, we refer to the residues of full-length IR
according to the numbering of UniProt ID P06213.

There is no full-length experimentally determined IR
structure hitherto, due to the highly flexible nature of the IR
domains. The structure of an IR half-receptor comprises leu-
cine-rich L1 and L2 domains, spanned by cysteine-rich (CR)
domain, type III fibronectin domains (Fnl, Fn2, and Fn3), an
insert domain (IR) within the Fn2 domain [9], a transmem-
brane (TM) domain, a tyrosine kinase domain and a C-termi-
nal tail (Fig. 2). To form a half-receptor, an alpha-subunit and
a beta-subunit are linked by a disulfide bridge, which is formed
between residues Cys674 in the alpha-subunit and Cys899 in
the beta-subunit [10]. The extracellular alpha-subunits are
linked to each other by a disulfide bridge between residues
Cys551 [11]. The L1-CR-L2 domains of a half-receptor pack
against the Fnl-Fn2-Fn3 domains of another half-receptor [4],
forming a folded-over conformation akin to St. Louis Gateway
Arch (Fig. 2).

IR relays signal from insulin to intracellular signaling
through phosphorylations of proteins including insulin recep-
tor substrate (IRS) family members (IRS-1, IRS-2, etc.), She
and Cbl. The phosphorylated forms of these proteins act as
docking sites for proteins with SH2 domains that specifically
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Figure 2. The structure of human insulin receptor. (A) The sequence of human insulin receptor (UniProt ID P06213) is highlighted
according to its respective domains (B): leucine-rich domains (red maroon), cysteine-rich domain (yellow), type Ill fibronectin
domains (green), transmembrane (gray) domain, and tyrosine kinase domain (pink). Residues Thr731-Thr746 (red scarlet) forms
the aCT segment that is important for insulin binding. (C) Schematic representation of insulin receptor domains in the absence of
insulin. The domains of a half-receptor and the other half-receptor of insulin receptor are distinguished by solid and dashed lines.

detect the phosphotyrosine residue on the short linear motif
YXXX [12]. These proteins containing SH2-domain(s) - for
example PI3K, GRB2 and SHP2 - are critical for diverse sig-
naling outcomes.

Conformational Dynamics and Allostery Facili-
tate the Insulin-IR Interaction

In the absence of insulin, both IR half-receptors are held in a
constrained position. These constraints are released upon the
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binding of insulin. The binding of insulin to the alpha-subunits
triggers a conformational change on the beta-subunits, auto-
trans-phosphorylation of the tyrosine kinase domains of IR,
and a series of signaling events involving multiple phospho-
rylation and dephosphorylation [13].

Although there are two insulin epitopes (binding sites) of
distinct interfaces [14] on IR, the molecular details of insulin
binding to IR have remained largely elusive. The pioneer and
breakthrough X-ray crystallographic structures of the complex
between insulin and truncated IR, without the majority of Fn
domains, were resolved in 2013 [4]. We note that both interact-
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Figure 3. Insulin and insulin receptor interaction. Docking a full-length insulin (PDB entry 4EY1) to the IR structure (PDB entry
3W14) containing aCT (yellow) and L1 domain (red) highlights that conformational change and structural dynamics have to take

place to avoid a steric clash between the aromatic residues of insulin and the aCT segment of IR.

ing partners, in the complex structure of PDB entry 3W14, are
from distinct species: bovine insulin and human truncated IR.
The complex structures show that the insulin normally binds
to only a side of the symmetrical IR and predominantly binds
to the C-terminal of a-chain, abbreviated as aCT segment that
corresponds to residues Thr704-Thr719 of an IR half-receptor;
this binding displaces the C-terminal B-strand (of insulin B-
chain) away from the core of insulin [4].

It is not only the insulin that undergoes conformational
changes, the aCT segment also repositions the L1 domain of
IR; this is an interesting example of synergistic structural dy-
namics and allostery in ligand-receptor recognition and inter-
action. Both the aCT segment and a part of the L1 domain
(non-polar residues Leu63, Leu64, Leu89, Phe9l, Phel05,
Phel06, Vall21, and Phel23) that interacts with insulin are
referred to as the binding site 1. Based on these observations, it
is likely that insulin and insulin-mimetic peptides act similarly
to the aCT segment [15]. It is also worth mentioning that the
binding site 1 of insulin is formed by the aCT segment and L1
domain of different a-chain from another half-receptor. There
are no known homologs for the aCT segment in other mam-
malian tyrosine kinase [16].

Binding site 2 of insulin consists of the loops at the junc-
tion of Fnl and Fn2 domains in the other half-receptor [14].
How insulin binds to its binding site 2 remains largely un-
known, and it may require conformational changes that dis-
place both Fnl and Fn2 domains away from the L1 and CR
domains [4]. Based on a computational model generated us-
ing molecular dynamics flexible fitting [17], chains A and B
residues of insulin are predominantly interacting with residues
of Fnl and Fn2 domains, respectively [18]. For example, in-
sulin chain A residues Serl12, Leul3, Tyrl4, Glnl5, and Glul7
were predicted to interact with IR residues Arg581, Gly582,
Leu583, Lys584, and Tyr589 [18]. Future scanning mutagen-
esis studies are essential to verify these interacting residues
and to identify novel ones.

Differences exist for both insulin binding sites on IR. The
binding affinity of insulin for binding site 2 (Kd about 400 nM)
is lower than that for binding site 1 (Kd about 6.4 nM); the dis-

276 Articles © The authors | Journal compilation © ] Endocrinol Metab and Elmer Press Inc™

sociation constants were obtained based on the kinetics fitting
of harmonic oscillator model of IR, using genetic algorithm,
to the experimental data [19]. To bind to the binding site 1,
insulin uses its hormone-dimerizing residues (B-chain helix);
whereas to bind to binding site 2, insulin uses its hormone-
hexamerizing residues (A-chain residues) [20]. Such a distinct
mechanism can potentially be extended to the insulin-mimetic
peptides with therapeutic potentials.

Although the insulin binding sites 1 and 2 on IR are dis-
tinct, it appears possible that two insulin molecules bind simul-
taneously to a single IR [18]. The stoichiometry of insulin-IR
binding is dependent on concentration. At picomolar concen-
trations, insulin binds to IR in a 1:1 ratio [19]. At higher na-
nomolar concentrations, two insulins bind to an IR and display
a negative cooperativity [21], in which the binding of an insu-
lin to a site on IR decreases the affinity of another insulin for
the other site. The negative cooperativity is possibly achieved
through the coupling between 1) the closing of Fnl-Fn2 hinge
and L1-L2 hinge and 2) the opening of L2-Fn1 hinge [18], akin
to a folded-over see-saw mechanism [9].

Not much is known regarding the sequential mechanism
of insulin binding to both binding sites 1 and 2 of IR. Kinetic
studies using soluble truncated IR suggest that insulin binds
to site 2 very rapidly, followed by a slower rate-limiting con-
formational changes that enable the binding of insulin to site
1 [22]. While this study suggests a biphasic phase of insulin
binding to soluble truncated IR, whether the same mechanism
applies to full-length, membrane-bound IR remains to be veri-
fied.

It is important to note that the insulin-IR complex struc-
tures (PDB entry 3W14) do not represent the complete pic-
ture. Its insulin chain B contains only residues H5-E21 [4] and
is shorter than the full-length insulin chain B of 30 residues.
Chain B residues, such as Phe24, Phe25 and Tyr26 that dock
on the IR, are missing. To resolve the coordinates of insulin
chain B residues Arg22-Thr30, native Fn3 domain may be re-
quired in the construct [4]. When we replaced the truncated
insulin (PDB 3W14) with the full-length insulin (PDB 4EY1),
we observed a steric clash between the aromatic residues of
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Figure 4. Text mining of insulin and insulin receptor literature. (A) A summary wordcloud generated from text mining of 2,901
abstracts of articles in PubMed for insulin hormone, provides a clue on the relationships of insulin with other hormones includ-
ing glucagon, leptin and cortisol. (B) A summary wordcloud generated from text mining of 2,201 abstracts of articles in PubMed
for insulin receptor, provides a clue on the binding of not only insulin but also insulin growth factor (IGF) to the insulin receptor.

insulin and the aCT segment of IR (Fig. 3), suggesting that
conformational change, which is likely due to induced fit ef-
fects, and structural dynamics have to take place to avoid the
steric clash.

The insulin-truncated IR complex structures [4] also sug-
gest that the insulin occupies the same overlapping region as
the Fnl and Fn2 domains do in the insulin-free (apo) full-
length IR structure. The suggested steric clashes mean that
the Fnl and Fn2 domains need to undergo conformational
changes, such as tilting, to allow the binding of insulin to IR.
Conformational changes as a mechanism for ligand binding is
relatively less studied among the family members of receptor
tyrosine kinases [4], but conformational changes and allostery
have been shown to be critical in facilitating both conserved
and specific functions of diverse proteins such as Ras [23].

The globular insulin undergoes conformational changes
for binding to its IR, yet the mechanisms have long been un-
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clear until recently. In a study investigating the binding of the
C-terminal insulin chain B (residues Phe24-Thr30) to a trun-
cated IR comprising the primary hormone-binding site (L1
domain and aCT), the chain B peptide undergoes a concerted
hinge-like rotation of about 10° at its B-turn, formed by resi-
dues Gly20-Gly23 [24]. In a coupling manner, the hinge-like
rotation leads to an about 50 - 60° rotation (about the highly
conserved Phe24 of chain B) of the pB-strand formed by resi-
dues Phe25-Pro28 of chain B. The B-strand hence moves
away from the insulin a-helical core 1) to lie anti-parallel to
the B2 sheet of L1 domain of IR and 2) to enable the con-
served aromatic motif of Phe24, Phe25, Tyr26 of chain B to
dock between L1 and aCT. Consequently, the hinge-like rota-
tion exposes the otherwise-buried (and conserved) hydropho-
bic residues of chain A (Ile2 and Val3) and chain B (residues
Val 12, Phe24 and Phe25) for interaction with IR. Based on
these proposed mechanisms, the substitution of Phe25Leu in

www.jofem.org
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Figure 5. Sequence similarity among insulin and IGFs. (A) Pairwise sequence identity (%). (B) Multiple sequence alignment
performed using Clustal Omega shows two relatively conserved regions (boxed) spanning residues L30-Y50 and residues G90-
C109 of insulin hormone, which correspond to the cleaved chains B and A, respectively.

“insulin Chicago” that results in a rare form of diabetes [25]
can be rationalized as a steric clash with the aCT that reduces
the “insulin Chicago” affinity to IR. Moreover, the aromatic
ring of Phe24 is essential to anchor insulin to IR, through long-
range packing interactions in the hydrophobic core [26]. The
importance of residue Phe24 is highlighted by the Phe24Gly
mutant that shows higher flexibility in the C-terminal of chain
B, than the wild-type insulin do, as indicated through explicit-
solvent molecular dynamics (MD) simulations of monomeric
and dimeric insulins [27].

The Specific TM Domain of IR

Upon the binding of insulin to the alpha-subunit of IR, the
TM domain of IR appears to be critical in relaying the insu-
lin-induced conformational changes to the beta-subunits. An
NMR structure (PDB code 2MFR) of IR TM domain (residues
Leu962-Tyr976) shows that TM domain adopts an alpha-helix
with a kink contributed by residue Pro961 [28]. Peptides mim-
icking TM domain residues can specifically activate wild-type
IR and IR Ser323Leu mutant associated with insulin resist-
ance, but not related growth factor receptors [29]. This speci-
ficity is achieved through the relatively low sequence identity
of the TM domain between IR and other related growth factor
receptors. The facts that the IR Ser323Leu mutation is situated
on the CR domain, and the mimetic of TM domain can activate
this IR mutant, imply a possible allostery between the CR and
TM domains.

In the absence of insulin binding, the TM domains of IR
form an obligate homodimer. The conformational switch in-
duced by insulin binding [14], coupled with the obligate na-
ture of the IR oligomerization [13], play critical roles in the
trans-phosphorylation of the two tyrosine kinase domains of
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IR. This mechanism is different from the dimerization of many
other receptor tyrosine kinases that can only occur upon ligand
binding, in which the dimerization facilitates the trans-phos-
phorylation of one cytoplasmic by the other, and vice versa
[30].

An IR-TM peptide [29] is proposed to activate IR through
its interactions with each of the two TM domains of an IR,
hence dissociating the TM domain homodimer, which is simi-
lar to the effect of insulin binding to the alpha-subunit of IR.
The dissociation of the TM domains triggers conformational
changes in allosteric manners, possibly including rotations
that juxtapose the cytoplasmic kinase domains for their trans-
phosphorylations.

Literature Mining of Insulin and Its Receptor

Through text mining of 2,901 literature abstracts of insulin
hormones (Fig. 4), we discovered that there have been numer-
ous studies on insulin in relation to other hormones, including
glucagon, leptin, and cortisol. Glucagon increases blood glu-
cose when the blood glucose levels decrease beyond normal.
Leptin is the satiety hormone that inhibits the feeling of hunger
once the amount of fat stored in adipose cells is sufficient. The
effect of leptin is opposite to that of ghrelin, the hunger hor-
mone. Both leptin and ghrelin act on the same brain receptors
to regulate the energy metabolism in the body. In response to
stress, cortisol, a steroid hormone, increases blood glucose and
inhibits immune system. In brief, glucagon, cortisol and ghre-
lin can be classified in a group in terms of their physiological
effects, whereas insulin and leptin can be classified in another
group.

Through text mining of 2,201 literature abstracts of IR
(Fig. 4), we discovered that there have been numerous stud-
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ies on insulin-like growth factors (IGFs), such as IGFI and
IGFII that share 36% and 41% of sequence identity to insu-
lin, respectively (Fig. 5). We performed multiple sequence
alignment of their sequences using Clustal Omega [31] and
observed two relatively conserved regions spanning residues
Leu30-Tyr50 and residues Gly90-Cys109 of the 110aa-long
insulin sequence (Fig. 5); the two regions correspond to the
cleaved chains B and A, respectively. In addition, all three
hormones have the conserved Cys residues that form three di-
sulfide bonds, contributing to their tertiary structural similarity.
These similarities in sequence and structure of the hormones
may partly explain the promiscuity of IR as the receptor of not
only insulin but also IGFs.

Besides IGFs, Ahsg (fetuin-A) also binds to IR, particu-
larly to its Fn3 domain [32]. Ahsg is a 55 - 59 kDa phospho-
rylated glycoprotein synthesized predominantly in liver cells
and secreted to blood circulation. In contrast to insulin that
activates the IR tyrosine kinase, Ahsg inhibits the IR tyrosine
kinase and is present abundantly in the blood of people with
insulin resistance and diabetes [33].

Physiologically, insulin and IGFs function to activate their
respective receptor tyrosine kinases, leading to nearly identi-
cal signaling pathways [8], but remarkably distinct outcomes:
insulin is responsible for metabolism, and IGFs induce mito-
sis [34]. IGFI promotes cell proliferation to attain maximal
growth and inhibits apoptosis (cell death); IGFII promotes
growth during early (placental and fetal) development. In dis-
ease states, IGFI and IGFII are associated with cancers. Be-
sides binding to IGFI and IGFII receptors, IGFs also bind to IR
[9]. Since insulin and IGF's utilize almost identical machineries
and signaling pathways, the distinct mechanisms of how they
achieve signaling specificity are intriguing. Their signaling
specificity may have arisen due to differential attributes and
wiring of overlapping protein network. To investigate such a
network, a system biology approach can be pursued [35].

Subtle Differences of IR Isoforms in Molecular
Functions

Alternative splicing of IR results in two isoforms: short IR-A
(1,370 amino acids) and long IR-B (1,382 amino acids). The
alternative splicing of exon 11 [8] results in IR-A isoform that
misses residues Lys745-Arg756 of the canonical IR-B isoform.
We observe a subtle difference in sequence, between the aCT
segment of IR-A (residues T731FEDYLHNVVFVPRPS746)
and IR-B (residues T731FEDYLHNVVFVPRKT746), specif-
ically at the last two residues; this difference may contribute to
subtle difference of insulin binding to IR isoforms, in relation
to the crucial role of the aCT segment in forming the insulin
binding site 1.

While both IR-A and IR-B isoforms do not vary greatly
in their affinity for insulin, the IR-A isoform has higher af-
finity for IGFI and IGFII [36]. IR-A is also implicated in ma-
lignant transformation, in which IR-A is over-expressed in
cancer cells that overexpress IGFII [37]. The complexity of
these cross-talks between insulin-like growth hormones and
IR, their mutations and implications on cancer and diabetes
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[38], have incessantly posed new challenges in the preventive
and therapeutic efforts against these diseases.

Soluble ectodomains of IR-A are shown to be more abun-
dant in the blood plasma of diabetic patients [39] and may be
used as a rapid glycemic marker. How effective the soluble
IR-A ectodomains as a marker (as compared to A1C or gly-
coalbumin) remains to be verified. The cleavage mechanisms
of ectodomains from the membrane-bound IR-A are also
largely unclear, and the (unknown) protease responsible for the
cleavage may be activated by hyperglycemia in diabetes. The
latest clue is that O-linked N-acetylglucosamine modification
activates IR-A ectodomain cleavage by an extracellular cal-
cium-dependent protease [40]. These findings lead to the fol-
lowing basic scientific questions. What is the protease? Where
(which residues) does the protease cleave on IR-A? What are
the mechanisms of the proteolysis? Does the increase of solu-
ble ectodomains of IR-A in blood plasma deprive insulin from
binding to IR for insulin signaling, implying the aberrant na-
ture of soluble IR-A ectodomains?

To identify the protease responsible for cleaving IR-A
ectodomain, fluorimetric assays and immunoblotting can be
performed. An indirect evidence supporting our hypothesis is
that the higher the plasma level of soluble IR ectodomains is,
the insulin resistance becomes more severe in diabetic patients
[40]. An applied science question worth pursuing is how to
selectively sequester soluble IR-A ectodomains using small
molecules or peptide mimetics (e.g. stapled peptides and cy-
clic peptides) that will bind only to the soluble IR-A but not
bind to the membrane-bound IR, so that there will be sufficient
amount of insulin available to bind to membrane-bound IR to
propagate insulin signaling.

Metformin, a biguanide small molecule with an anti-hy-
perglycemic effect, was found be useful to prevent the IR-A ec-
todomain cleavage [40], yet the atomistic mechanisms remain
unresolved. In terms of molecular mechanisms, metformin in-
hibits mitochondrial respiratory chain complex I [41], but its
exact mechanism(s) remain to be discovered. While metformin
is commonly prescribed as oral diabetes medicine to over 100
million patients worldwide [42], it can lead to the life-threaten-
ing lactic acidosis in people with liver/heart diseases.

Structural Data for Proposing Potential Thera-
peutic Strategies

Mutations of IR are associated with multiple pathological
conditions, including Rabson-Mendenhall syndrome (RMS),
Donohue syndrome/leprechaunism, and insulin-resistant dia-
betes mellitus [43]. The mechanisms of IR mutations include
impaired insulin binding to the IR and impaired tyrosine kinase
activity. Thorough examination of the effects of these first mu-
tations on the structures and structural dynamics of IR can sug-
gest suppressor (second) mutations that alleviate or reverse the
effects of the first mutations, in which the suppressor mutations
act locally or allosterically through hydrogen-bond networks
and/or electrostatic forces. For example, pairs of distant resi-
dues that share correlated motions can potentially be pair candi-
dates of first and suppressor mutants [44]. Identification of sup-
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Figure 6. Multiple structural alignments of insulin receptors (IR) to identify the clustroid structure. (A) The experimentally avail-
able structures of the L1 domain (wheat) and the cysteine-rich domain (gray) of IR show subtle structural dynamics. (B) It ap-
pears that the N-terminal region (wheat) of IR residues Asp1014-Lys1310 undergoes rotation at loop Met1078-Cys1083 (red)
with respect to the C-terminal region (gray), resulting in structural dynamics. (C) Normal mode analysis on PDB entry 3LOH_E
suggests that the N-terminal L1 domain (wheat) and the CR domain (gray) show a potential for large-scale motions towards each

other and the C-terminal of IR ectodomain.

pressor mutants in silico is more cost-, labor- and time-efficient
than high throughput screening of libraries of compounds.

Multiple structures determined by diverse laboratories un-
der different conditions can provide a glimpse of the structural
dynamics of the protein of interest. Using structural clustering
methods such as principal component analysis [45] and sub-
space clustering [46], we have determined the representative
structure of multiple parts of IR structures (Fig. 6), to provide
clues for subsequent studies, including MD simulations and
molecular engineering. For residues Pro31-Lys337 of IR that
form the L1 and CR domains, the clustroid (representative)
structure of 10 PDB structures is 3LOH_E that comprises
residues Pro31-Ser682. For residues Aspl1014-Lys1310 of
IR, encompassing the tyrosine kinase domain, the clustroid
structure of 20 PDB structures is 3BU3_A. Knowledge on the
intrinsic structural dynamics of biomolecules can be used to
design therapeutic strategies to target aberrant conformational
switches [47]. For example, probing the structural dynamics of
HIV integrase has facilitated the discovery of a novel binding
site that opens only transiently, yet presents a higher affinity
once ligands bind to it [48]. The discovery has led to the first
FDA-approved drug that inhibits HIV integrase for the treat-
ment of AIDS [49].

To better understand the conformational dynamics associ-
ated with insulin-IR interaction and to characterize the relative
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movements of IR domains, quantitative geometric measures
across multiple structures of insulin, IR, and their complex-
es in diverse conditions (e.g. wild-type/mutants, full-length/
truncated), can be compared. Examples of geometric measures
include the radius of gyration of each insulin binding site on
IR, the buried surface areas involved in IR domain-domain
interactions, the IR inter-domain hinge angles, and the inter-
hinge distances based on the centers of mass of each domain
[50]. It seems that the inter-domain flexibility and dynamics of
IR serve as the mechanism for the see-saw model of negative
cooperativity [51].

The future availability of more IR structures will provide
a better understanding of the structural dynamics of IR. For
example, advanced techniques such as thermal-factor sharp-
ening can be applied on earlier crystallographic structures, to
improve the interpretability of the electron-density maps [15].
At molecular and structural levels, the next challenges include
obtaining the full-length structures of IR (through integrative
experimental and computational methods), investigating the
insulin-stimulated conformational switch of full-length IR,
discovering and developing therapeutic insulin mimetics with
enhanced receptor binding and favorable pharmacokinetics.

For future study of the insulin-stimulated conformational
switch of full-length IR, we recommend the following methods
that have successfully been applied on related/other systems:
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MD simulations [50], harmonic oscillator model to estimate ki-
netics parameters [19], normal mode analysis (NMA) to deter-
mine rotations [52], and multi-scale simulation [53] approach
that combines coarse-grained and all-atomistic MD simula-
tions. NMA on the IR ectodomain (PDB: 3LOH_E) suggests
that the N-terminal of L1 domain and the CR domain have the
potential to move closer to each other (Fig. 6); this motion may
be involved in the insulin-stimulated conformational changes
of IR. We note that this mouse structure of IR ectodomain,
comprising residues Pro31-Ser682 and mutations to stabilize
the structure, was resolved in the presence of antibody frag-
ments as crystallization chaperones to aid the structural deter-
mination of the IR ectodomain [15]. The antibody fragments
serve in minimizing the conformational heterogeneity of IR
through locking or clamping the IR ectodomain in a particular
subset of conformations [54], whereas we performed the NMA
in the absence of the antibody fragments. The integration of
multiple methods is essential for obtaining a better picture of
the IR mechanisms. Future NMA on the full-length IR is useful
to further verify this finding.

Nascent Nanotechnology-Based Approaches
for Controlled Delivery of Insulin

Conventional subcutaneous administration of insulin has been
challenging for diabetics due to poor compliance, local tissue
necrosis, pain and nerve damage. To design controlled delivery
of insulin, novel nanomaterials, formulations and devices can
be identified and optimized, based on the thorough structural
understandings of insulin, its heteromerization, and its binding
mechanisms to its receptors. Non-invasive administrations of
insulin, such as through oral, nasal, pulmonary and transder-
mal delivery as well as closed-loop smart insulin delivery, are
highly desirable.

The closed-loop smart insulin delivery has the potential
to mimic the pancreatic function. Because of the controlled
regulation of insulin release rate from biodegradable poly-
meric biomaterials [55], the benefits of the closed-loop smart
insulin delivery include minimal blood glucose fluctuation
and reduced hypoglycemia risk. This delivery is also more
resistant to enzymatic degradation, denaturation and immune
recognition, which are major problems faced by insulin deliv-
ered through non-invasive administration. To design closed-
loop smart insulin delivery, insulin is embedded in a polymeric
matrix that contains glucose-sensitive molecules, such as phe-
nylboronic acid [56], glucose oxidase [55], and glucose bind-
ing proteins, mainly lectins [57] such as concanavalin A that
possesses four glucose binding sites.

Conclusion

In this review, we have summarized the progress of structural
biology of insulin and its receptor hitherto, and proposed test-
able hypotheses that can propel our knowledge on the struc-
tural dynamics of insulin and its receptor. Literature mining of
insulin and its receptor implies their functional relationships
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with other hormones, highlighting the importance of inter-
molecular cross-talks. We envisage that increasing availability
of structural data from both experimental and computational
methods, together with their synergistic integration, will be
helpful to refine all-atoms models of full-length IR and its
complex with insulin and other growth factors. Thorough un-
derstandings of their molecular structures, functions, structural
dynamics and mechanisms, are critical in therapeutic designs
for treating diabetes.
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